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Abstract 
Formulated aqueous amine solvents incorporating two or more individual amines into a single blended solvent are often 
suggested as alternative options to mono-amine solvents employed for CO2 capture processes. Using software developed in 
Matlab and existing knowledge of chemical equilibria, investigations into the fundamental properties of formulated amine 
solvents and their interaction with CO2 have been carried out. A simple solvent formulation containing equimolar amounts of 
monoethanolamine (MEA), Amine 1, and a sterically hindered / tertiary amine, Amine 2, has been investigated here. Specifically, 
the role of Amine 2 in the overall equilibrium behaviour of amine blends is discussed. Systematic variations of the protonation 
constants and reaction enthalpies of Amine 2 over a range of typical values has revealed that significant improvement can be 
made in terms of absorption capacity, cyclic capacity, and overall absorption enthalpy in the blends when compared to the 
standard 5.0M MEA solvent. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
Keywords:  
 
 
* Corresponding author. Tel.: +61 2 49 606098 
E-mail address: will.conway@csiro.au 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 William Conway et al. /  Energy Procedia  63 ( 2014 )  1818 – 1826 1819
1. Introduction 
Traditional aqueous mono-amine solvents such as MEA and methyldiethanolamine (MDEA) are being 
overlooked in favour of the latest generations of formulated aqueous amine solvent blends. Such formulations aim to 
offer improvements in the performance of standard mono-amine solvents without sacrificing or introducing 
significant penalties to overall capture performance. Generally, the ideal solvent or blend will maintain or improve 
on the following properties of current generation solvents by providing:  
x chemical resistance to degradation in the presence of trace flue gas impurities 
x controlled precipitation and corrosion rates which have previously limited the concentration of amine which 
can be incorporated into the solvent 
x large cyclic capacity 
x lower regeneration energy requirements 
From a chemical perspective, the rapid absorption of CO2 by primary and secondary amines via the formation of 
carbamates offers significant advantages in terms of the size and footprint of the absorption equipment. However, 
amines which follow the carbamate pathway often suffer from poor CO2 capacities and large regeneration energies 
due to the limited stoichiometry of the reaction and high stability of the carbamate. Conversely, the slower reacting 
but higher CO2 capacity solvents including sterically hindered and tertiary amines, are engaged for opposing reasons. 
Ideally a compromise of the kinetic and equilibrium properties of these two chemistries should be sought and 
incorporated into new solvent blends. 
Often amine blends are formulated in an effort to increase the kinetic reactivity of slower solvents with less 
regard for the overall chemical performance. While this solvent approach is clearly capable of significant reductions 
in the capitol cost of capture equipment it is the ongoing energy requirement (cost) of PCC relating to the 
thermodynamic and equilibrium performance of the solvent which often attracts the greatest attention. Thus, the 
impact of blend composition on the equilibrium chemistry is of equal importance when selecting components for use 
in a blend. 
The thermodynamic capacities of amine solvents (for CO2) are typically characterized using a comprehensive 
suite of vapour liquid equilibrium and calorimetric measurements of the absorption capacity, cyclic capacity, and 
absorption enthalpy over a range of conditions i.e. temperature, concentration, and CO2 loading. Such experimental 
campaigns are often expensive and exhaustive (lengthy) which can severely limit the explorative nature and 
development of capture solvents. Alternatively, the equilibrium can be explored in theoretical simulations using 
established thermodynamic correlations and existing knowledge of the chemical equilibrium in aqueous amine 
solutions.1,2 Moreover, the increasing availability of chemical data for a range of commercially available amines 
enhances the indirect modeling approach which allows for the investigation of equilibrium behavior in formulated 
amine solvents using the individual chemical properties of amines.3 The technique thus allows one to selectively and 
freely optimize the compositions and equilibrium properties of novel solvents, the simulations of which can be used 
to guide future development of novel solvent systems in the laboratory and beyond. 
In this work we investigate the fundamental equilibrium properties of novel amine formulations using existing 
knowledge of chemical equilibrium in CO2/amine solutions and an equilibrium software tool developed in Matlab. 
An equimolar solvent formulation containing equal amounts of MEA (2.5M) and a sterically hindered or tertiary 
amines is assessed. The impact of systematic variations of the equilibrium constants and reaction enthalpies for the 
protonation of Amine 2, on the CO2 capacity, cyclic capacity, and overall absorption enthalpy are discussed. 
2. Equilibrium predictions 
2.1. General formulation chemistry 
In a traditional sense, aqueous amine blends have been formulated to contain a fast reacting primary or secondary 
amine, Amine 1, with a sterically hindered or tertiary amine, Amine 2, which acts to improve the CO2 capacity and 
equilibrium properties of the blend. The overall pathways describing CO2 absorption in the two individual amines 
are described in equations (1) and (2), and the overall situation involving a simple blend of these two amines, is 
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described in equation (3). In these equations R1R2NH represents a primary or secondary amine where R1 and R2 are 
carbon or hydrogen groups in the case of primary amines, and both carbon groups in the case of secondary amines. 
R1R2R3N represents a tertiary amine where all of the R groups contain carbon. 
 
 1 2 2 1 2 2 1 2 22R R NH CO R R NCO R R NH
  mo      (1)
 1 2 3 2 2 3 1 2 3R R R N CO H O HCO R R R NH
   mo      (2) 
 1 2 1 2 3 2 1 2 2 1 2 3R R NH R R R N CO R R NCO R R R NH
   mo     (3) 
Formulations containing three or more components are possible, however, for simplicity, the scenarios discussed 
here will be limited to formulations containing MEA, Amine 1, together with sterically hindered or tertiary amines, 
Amine 2. It should be noted here it is assumed that Amine 2 does not undergo any direct reactions with CO2 and it’s 
contribution to the solution chemistry stems from the protonation activity with H+ and in the promotion of CO2 
hydration as described in equation (2). 
2.2. Comprehensive chemical model 
The relevant series of equilibrium reactions necessary to describe and model absorption of CO2 into amine 
solutions is shown in equations (4) to (11). Briefly, the reactions incorporate terms describing the dissolution of CO2 
gas into solution, equation (4), and the aqueous solubility of CO2 in the amine liquid at a given gas phase CO2 partial 
pressure, equation (5).  
 2( ) 2(aq)gCO COmo         (4) 
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2
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CO
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H
c
          (5) 
The autoprotolysis of water and aqueous chemistry of CO2 is described in equations (6) to (8). These equations 
are similar for all of the amine systems and the corresponding values for the equilibrium constants and reactions 
enthalpies are fixed in the model. 
 - 2OH H H O mo        (6)
 2- -3 3CO H HCO mo        (7)
 -3 2 3HCO H H CO mo        (8) 
The aqueous chemistry of the amine follows and includes terms for the protonation of amine in equation (9), and 
the formation and protonation of carbamate/carbamic acid, equations (10) and (11). It should be noted that in the 
case of formulated amine blends containing two or more amines as is the case here, a protonation term is 
incorporated into the chemical model for each of the individual amines in the blends.  
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Corresponding reaction enthalpies for the equilibrium reactions describe the temperature dependencies of the 
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equilibrium constants are calculated using the Van’t Hoff expression as in equation (12) where Tref is the reference 
temperature for the equilibrium constants, log K (Tref) is the equilibrium constant at Tref and zero ionic strength, Tcalc 
is the temperature at which the equilibrium constant is being calculated, ΔHf is the enthalpy of formation in J/mol, 
and R is the ideal gas constant (8.314 J.mol-1.K-1)  
 
1 1log ( ) log ( ) (( ) ( ))
(2.303* )
f
calc ref
calc ref
H
K T K T
T T R
'   u    (12) 
It should be noted here that all protonation reactions are considered instantaneous and all reactions in the 
chemical model are strictly independent (of each other) and no synergistic effects are assumed. 
2.3. Prediction of chemical speciation, absorption and cyclic capacity, and absorption enthalpies 
A software tool programmed in Matlab has been developed to solve the relevant systems of non-linear equations 
simultaneously for reactions (4) - (11) given input values for the equilibrium constants, and the corresponding 
reaction enthalpies. The program has been demonstrated to reliably predict experimental vapour-liquid equilibrium 
data for a series of aqueous amine solutions and amine blends covering a wide range of data that is differential in 
concentration, temperature and CO2 loadings.3 
The differential equilibrium speciation in the amine blends over a range of CO2 loadings (expressed in terms of 
the number of moles of CO2 per total mole of amine in the blend), was calculated up to a maximum CO2 loading of 
one. This scenario is demonstrated at 40oC in the top of Figure 1. The vertical dashed line represents the maximum 
CO2 loading in the blend.  It is assumed in the model here that the physical solubility of CO2 in the amine solutions 
does not deviate significantly from that in water. Once the speciation was calculated, the equilibrium partial pressure 
of CO2 in the gas phase was calculated from the dissolved (free) CO2 concentration in the aqueous phase and 
Henry’s constant. This scenario is demonstrated in the middle of Figure 1. The horizontal and vertical dashed lines 
represent the maximum CO2 partial pressure (15 kPa) and CO2 loading with the intersection of the two lines 
corresponding to the absorption capacity.  
The maximum CO2 capacity of the amine solutions was determined at representative conditions where complete 
equilibration of an amine solution residing at 40oC, with a gas stream at atmospheric pressure and a constant CO2 
partial pressure of 15kPa, could be achieved given sufficient residence time in an absorber. The cyclic capacity of 
the amine solutions was determined as the absolute difference in the maximum CO2 loading at a constant CO2 
partial pressure (15 kPa) at two temperatures (40 and 100oC). 
Absorption enthalpies were calculated here from the individual contributions stemming from the dissolution of 
CO2, and chemical reaction(s) taking place in the solutions. To do so, the chemical speciation in the solutions was 
determined over a fixed range of CO2 loadings, but semi-differential in temperature (i.e. 40 ± 0.5oC), at each CO2 
loading point. The semi-differential CO2 partial pressure at each CO2 loading was used to estimate the absorption 
enthalpy using the Gibbs-Helmholtz relationship as described in equation (13) 
 2
ln
1/
diff CO
abs
pH R
T
ª º'  « »¬ ¼         (13) 
where diffabsH'  (J mol-1) is the differential absorption enthalpy at a given loading, pCO2 is the partial pressure of 
CO2 (kPa), and R is the ideal gas constant (J mol-1 K-1), respectively.1,4 This scenario is demonstrated in the bottom 
of Figure 1. The vertical dashed line represents the maximum CO2 loading in the blend. Absorption enthalpies are 
expressed in terms of the energy released per mole of CO2 (kJ/mol CO2). The differential enthalpy is expressed here 
as the amount of heat transferred during each addition of CO2 (but isothermal) while the overall absorption enthalpy 
is integral in loading and was determined as the amount of heat released during the absorption process up to the 
maximum equilibrium CO2 loading at 40oC and 15 kPa CO2 partial pressure. The overall absorption enthalpy, 
corresponding to the integral absorption enthalpy divided by the total amount of CO2 absorbed to reach equilibrium 
(maximum CO2 loading) at these conditions, is reported here. 
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Figure 1. Example equilibrium behavior in amine blend containing 2.5M MEA and 2.5M Amine 2 (AMP) (top) equilibrium concentration 
profiles (middle) vapour liquid equilibrium curve at 40oC (bottom) absorption enthalpy at 40o C  
3. Results and Discussion 
A simple amine blend containing MEA, Amine 1, together with a sterically hindered/tertiary amine as Amine 2, 
has been selected as the base case for evaluation here. An equimolar blend composition totalling 5.0M amine 
concentration (2.5M concentrations of the individual components) was selected in our present analyses and allows a 
representative comparison to 5.0M MEA on a mole/mole basis. The simulations focus here on the equilibrium 
properties of Amine 2, the chemistry of which is limited to the acid-base interaction with protons. Published values 
for MEA including the equilibrium constants and reaction enthalpies for equations (9) to (11) were taken from our 
previous experimental studies and fixed in the chemical model.5,6 Values for the protonation constant of Amine 2, 
log KPROT, equation (9), and the corresponding reaction enthalpy, ΔHPROT, were varied over the following ranges of 
values; log KPROT  = 7.0 to 13.0 and ΔHPROT = -5.0 to -80.0 kJ/mol. The selected ranges represent the typical range of 
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expected values for these properties, respectively. Calculated absorption capacities, cyclic capacities, and absorption 
enthalpies as a function of variations in values of the protonation constant and the corresponding protonation 
enthalpy of Amine 2 are presented in Figures 2 - 4. 
 
Figure 2. Effect of the protonation constant of Amine 2 on maximum absorption capacity at 40oC and 15 kPa CO2 partial pressure 
Figure 2 shows the change in the maximum absorption capacity at 40oC as a function of variations in the 
protonation constant of Am2. From the figure the maximum absorption capacity is achieved when values of the 
protonation constant log KPROT > 9.5. Further increases in the protonation constant above this value result in 
negligible change in the absorption capacity and the value continues to remain constant at this maximum (~ 0.54) to 
the maximum upper range of the protonation constants assessed here. While a small improvement is observed, the 
maximum absorption capacity of the blends is similar to 5.0 M MEA (~ 0.52 moles CO2/mole amine). This 
observation is not entirely surprising given the absorption capacity is strongly coupled to the chemistry of MEA and 
the role of the stable MEA-carbamate which limits the stoichiometry. At intermediate and high values where log K > 
9.5 the absorption capacity is largely independent of Amine 2. This supposition cannot be extended to amines where 
the log K values are lower than MEA. In such instances, the relative basicities of the amines in the blend become a 
contributing factor, and, at low log K values for Amine 2, the second base is becoming sufficiently weak that its 
activity is negligible. Rather, MEA, now being the strongest base, is consumed in two reactions; firstly to form the 
carbamate and secondly to perform the proton accepting role. The low absorption capacity is somewhat deceiving in 
these blends given the absorption capacities are normalized to the total amount of amine in the blend. Thus, the 
capacity appears to be significantly lower but is simply manifesting the fact that only half the amine, MEA, is 
participating in the absorption chemistry. 
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Figure 3. Effect of Amine 2 properties on cyclic capacity at 40oC and 15 kPa CO2 partial pressure NOTE- horizontal plane corresponds to cyclic 
capacity in a 5.0 M MEA solution 
Figure 3 is a graphical representation of the cyclic capacity data as a function of the protonation constant at 40oC 
and protonation enthalpy of Amine 2. In contrast to above where the absorption capacity is largely driven by the 
formation of the stable carbamate species, variations in the protonation constant and enthalpy of Amine 2 have a 
marked impact on the cyclic capacity of the solution. Over the temperature differential chosen here (40 - 100o), 
significantly larger cyclic capacities can be achieved than in a corresponding standalone 5.0M MEA solution over 
the same temperature range. The maximum cyclic capacity occurs in the blends when the protonation constant is 
approximately log KPROT = 9.0 and the protonation enthalpy is at its maximum (most negative values). Larger values 
for log KPROT above 9.0 result in poorer cyclic capacities and are largely independent of the protonation enthalpy. 
This observation can be rationalised by considering the relative pH of these solutions which result in the formation 
of significant amounts of stable carbonate which as the major CO2 sink. It is clearly demonstrated in figure 3 that 
highly negative protonation enthalpies are desirable. This behavior translate to larger swings in pH and 
correspondingly, larger changes in CO2 solubility as a function of temperature. Overall, it is the response of the 
protonation equilibrium of Amine 2 to changes in temperature that afford the large cyclic capacities here. While 
theoretically interesting it remains to be seen if the large cyclic capacities can be achieved given reported values for 
the protonation enthalpy of amines which typically fall within the range between -25 to -60 kJ/mol. 
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Figure 4. Effect of Am2 properties on overall CO2 absorption enthalpy at 40oC and 15 kPa CO2 partial pressure NOTE - horizontal plane in figure 
corresponds to CO2 absorption enthalpy in a 5.0 M MEA solution at similar conditions 
The overall absorption enthalpy as a function of the properties of Amine 2 is shown in figure 4. It should be 
noted here that Figure 4 should be interpreted in parallel with Figure 2 and 3 given the calculated absorption 
enthalpies are strongly correlated to the absorption and cyclic capacities and one another. From figure 4 various 
planes of symmetry exist in the overall absorption enthalpy as a function of both the protonation constant and 
protonation enthalpy of Amine 2. The maximum and minimum values for the absorption enthalpy occur at when 
Log KPROT is ~ 9.5 while it is largely the protonation enthalpy of Amine 2 which defines the upper and lower 
absorption enthalpies. Conversely, the lowest absorption enthalpy (furthest negative) is achieved when log KPROT is 
~ 9.5 and the protonation enthalpy is at the lowest value (-80 kJ/mole). At the upper and lower log KPROT values the 
absorption enthalpy is largely unaffected by variations in the protonation enthalpy.  
Conclusions 
Our assessment here clearly shows there is significant flexibility in the selection of Am2 properties in an 
equimolar blended solvent with MEA which can result in significant improvement in all of the equilibrium 
properties (absorption capacity, cyclic capacity, and absorption enthalpy) at the conditions addressed here. It 
remains to be seen if the protonation constants and enthalpies of Amine 2 here can be matched to known amine 
examples, however the large potential for improvement adequately justifies the pursuit.  
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